For lead-free low-melting sealing materials, the boron oxide alkali molybdate glass system was investigated with different boron oxide contents between 0 and 8 mol %. The glasses were characterized using differential scanning calorimetry, and infrared spectroscopy, and by their dissolution rates and densities. As the boron oxide contents increase, the glasses maintain their low temperature properties (T g under 175°C), and new network formers of [BO 3 ] triangular units and [BO 4 ] tetrahedral units appear. The glasses possess MoO 4 , MoO 6 , BO 3 and BO 4 groups as basic structural units, and existing weak MoOMo bridge bonds convert into strong MoOB bridge bonds. As a result, chemical durability is improved.
Sealing glass has applications in vacuum engineering and in electronics. In the development of optical elements and electronic devices, advanced sealing materials are needed, which do not damage the substrates as a result of their sealing temperatures.
1)4)
This has led to specialized research on sealing glasses. Lowtemperature sealing glasses typically involve lead-based glass, but lead presents problems for human health and the environment.
2), 3) The properties required in sealing glasses are a low transition temperature (T g ), a low softening temperature (T s ), chemical durability, and low cost.
2) Molybdate glass systems satisfy these properties, especially the low temperature properties.
Molybdates have a high coordination number, favoring crystallization during cooling, and rapid quenching can be used to promote glass formation; However, this is not the only process available, as molybdates are conditioning formers. 5),6) Molybdate glasses also have characteristics that make them candidates for practical applications such as amorphous semiconductors and solid electrolytes. 7) By adding alkali oxides, molybdate glasses with ultra-low thermal properties are obtained, as shown in, for example, In the study by Vaghese, There is, however, a practical limit on sealing applications because of their poor chemical durability. 8) We reproduced Varghese's experiments and produced alkali molybdate glass, finding that its surface reacts with atmospheric water vapor. For practical applications, it will be necessary to improve chemical durability of the molybdate glasses, especially their water solubility.
Glass samples with composition of xB 2 O 3 (100 ¹ x)(10Li 2 O 10Na 2 O20K 2 O60MoO 3 ) (x = 0, 2, 4, 6 and 8 mol %) (the abbreviation xBMG designates x mol %B 2 O 3 molybdate glass) were prepared using B 2 O 3 , Li 2 CO 3 , Na 2 CO 3 , K 2 CO 3 and MoO 3 obtained from the Junsei Chemical Co. (Japan). Each sample batch was mixed and ground repeatedly for homogenization. The batches were melted at 1200°C in an alumina crucible under normal atmospheric conditions for no more than 10 min to minimize volatilization of the glass components. Because of the high crystallization tendency of the melts, they were quenched in an ice-ethanol bath. The samples so obtained were in 0.10.2 cm flat fragments rather than in bulk form.
The thermal properties of the glasses were measured using differential scanning calorimetry (DSC) at a heating rate of 10°C/min; the DSC curves yielded the glass transition temperature (T g ) and crystalline temperature (T c ). The densities (D) were determined by Archimedes' method: the weights of glass samples were determined both in air and when immersed in 99.87 v% hexanes at 25°C (a and b, respectively), and the densities calculated from D = 0.6594 a/(a ¹ b) where 0.6594 is the density of the hexanes at 25°C.
9) The chemical durability was evaluated from their weight loss of bulk samples in distilled water at room temperature and on powders (¹100 to +200 mesh) according to the Product Consistency Test (PCT) (e.g. ASTM C-1285-94). 10) glass cubes were cut into 0.5 © 0.5 © 0.1 cm specimens and the surfaces were ground using 240grit SiC paper then placed in distilled water for 12, 24, 36, 48 h, then the weight loss was measured and pH of the leachate were measured at each time interval. The dissolution rate (DR) was calculated from the expression DR = ¦w/(SA · t), where ¦w is the weight loss (g), SA is the sample area (cm 2 ) and t is the immersion time. The PCT test was perform on washed powder samples (+100 to ¹200 mesh). In the case of the immersion test with glass powder, 1g powder was immersed in 10 ml distilled water at 90C for 48 h by the ASTM C-1285094 method. The elements in the leachate were measured by inductively coupled plasma-emission spectroscopy. And the pH of the final leachate is measured. The normalized elemental mass release (r i ) was calculated from r i = C i /f i /(A/V ), where r i is the normalized elemental mass release (g/m 2 ) of element i, C i is the concentration of element i in solution (g/m 3 ) and f i is the mass fraction of element i in the glass. A/V is the ratio of the sample surface area to volume of leachate (m ¹1 ). A value of 2000 m ¹1 was used.
11) The structure of the glass samples was analyzed by Fourier transform infrared (FTIR) spectroscopy (KBr, Spectrum GX, 6001600 cm ¹1 ). The IR spectra of the xBMG glasses prepared are shown in Fig. 1 13) The analysis of the IR spectra shows that the introduction of small amounts of B 2 O 3 causes a change in the amorphous network's main structural units from molybdate units to a mixture of molybdate and borate units. As more B 2 O 3 is introduced, the number of BO 3 units decreases and BO 4 units increase. 9) This tendency matches the number of BO 3 units increasing when the MoO 3 /B 2 O 3 ratio decreases; the number of BOB linkages also increases then. The glass network therefore also contains boroxol ring structures. 19) However, in this study, the amount of MoO 3 is much higher than that of B 2 O 3 , so the boroxol ring structure still occurs much less frequently than molybdates as a network former. In the report by Fabian, it is argued that molybdate plays a larger role as a network former than boroxol rings because BO 3 and BO 4 are organized into superstructure units, as well as there being a contribution from partly-separated BO 3 triangles. 19) It is also concluded that MoO 4 units prefer to link to dissimilar types. 19 Generally, the DR of glass increases when the glass structure is weakened. 21) Figure 2 shows the weight loss as a function of time for glass samples with different B 2 O 3 levels. The 0BMG sample had the highest weight loss (5.9·10 ¹2 g·cm
¹2
) at 48 h, while the 2BMG (3.2·10 ¹2 g·cm
) and 4BMG (3.5·10 ¹2 g·cm
) samples had smaller weight losses, which were similar to each other. The samples 6BMG (1.7·10 ¹2 g·cm
) and 8BMG (1.4·10 ¹2 g·cm ¹2 ) had smaller, but again similar, values of weight loss. The sample (8BMG) with the largest B 2 O 3 content had the smallest weight loss. It is interesting to note that the slope (weight loss against time) for 0BMG is higher than those for the other samples. Table 1 . shows the DR of bulk samples for 48 h at Room Temperature. The DR results indicate chemical durability. The non-boron oxide-doped sample (0BMG) has a higher slope than those doped with B 2 O 3 . This result shows that 0BMG is easily dissolved in water and has the least chemical durability. In contrast, samples doped with boron oxide have a lower slope and a tendency toward higher chemical durability with increased doping levels. And Table 2 shows normalized elemental mass release of powder samples at 90°C for 48h. Glasses corrosion is associated with leached amount of elements. the normalized elemental mass release data indicate that the more doped boron oxide sample is the less amount of release about elements. Then we concluded that doped boron oxide increase the chemical durability. These result can be probed by IR and the density results; the density data indicate that for B 2 O 3 doped into alkali molybdate glass, the R 2 O/B 2 O 3 ratio (R = Li, Na, K, Rb or Cs) will decrease. Then the number of non-bridging oxygens (NBOs) will decrease and the number of BO 4 structure units will increase. The increase in the number of BO 4 units indicates a change in the network structure of the glass to a three-dimensional one, and this steric effect can promote chemical durability (i.e., against water corrosion). The IR data indicates that as B 2 O 3 is doped into alkali molybdate glass, the weak MoOMo linkage is replaced by MoOB. Both these methods show that boron oxide doping of alkali molybdate glass produces increased water durability. In this study, alumina crucible is used to make the glass samples so Al 2 O 3 can be leach into glasses. As it is known that Al 2 O 3 is intermediate oxide. If Al 2 O 3 act for glass network former, it could help to improve chemical durability. But all samples have similar amount of Al contents. Therefore Al's influence to chemical durability can be neglected. Figure 3 shows the density as a function of B 2 O 3 content. The sample 0BMG has the highest density (3.303 g/cm 3 ), while 2BMG and 4BMG have densities of 3.168 and 3.166 g/cm 3 , respectively. The 6BMG and 8BMG samples (densities of 3.117 and 3.098 g/cm 3 , respectively) also show only a small difference in density. B 2 O 3 is doped into alkali molybdate glass, a new network former is created in the glass system; with increasing B 2 O 3 content, the density will not decrease uniformly. Theoretically, the density should linearly decrease because the 2 mol % of alkali molybdate glass system always is substituted with B 2 O 3 from 0BMG to 8BMG in order and the dopant B 2 O 3 molecular mass is much smaller than the corresponding volume in the alkali molybdate glass system. And that was labeled as theoretical value in Fig. 3 . However, the density measurements do not indicate a linear decrease. We can assume that when B 2 O 3 is added initially, the first density difference results from molecular volume differences between B 2 O 3 and the molybdate glass system. Then, for further addition of B 2 O 3 , the density reduction should be in proportion to the initial rate of reduction. However, the measured density is higher than the theoretical value, and we conclude that the glass structure has changed. Experiments by Doweidar have shown that mixed alkali borate glasses have the same structural change tendency as binary alkali borate glass. For R 2 O contents greater than 33 mol % in mixed alkali borate glass systems, as more alkali oxide is added, more non-bridging oxygen ions (NBOs) are created in the borate matrix. 17) These NBOs are formed at the expense of BO 4 units. 17) Because units containing NBOs tend to have greater volume than those without NBOs, they should also have a lower density. 17) In the current study, as B 2 O 3 doping is increased, the R 2 O/B 2 O 3 ratio will decrease; consequently, the amount of NBOs will also decrease and the number of BO 4 structure units will increase. This is confirmed by the IR data. It is a straightforward conclusion that the density of these glasses will decrease because the heavy glass components are replaced by the considerably lighter B 2 O 3 units. However, the discrepancy between theoretical and measured densities will increase as a result of bridging oxygens. Thermal analyses of the xBMG samples (x = 0, 2, 4, 6 and 8 mol %) are presented in Fig. 4 . The first endothermic peak under 100°C is associated with surface water desorption, and marks the start of the second endothermic peak, the T g is in the range 159175°C. Around 220°C, an endothermic reaction occurs because of the loss of structural water molecules bonded to layers of (MoO 5 OH 2 ) octahedra in the hydrated compound. 22) The exothermic peak at 263 336°C indicates the crystallization temperature (T c ); both T g and T c values increase with increasing boron mol %. Heat treated samples for 2 h at 350°C show several crystalline phases such as Li 2 Mo 2 O 7 , Na 2 Mo 2 O 7 and K 2 MoO 4 . The endothermic peak at 400410°C indicates the melting temperature (T m ). From the curves for different boron mol %, it is seen that when B 2 O 3 is doped into molybdate glasses, the crystallization temperature increases and the thermal stability (T c ¹ T g ) is improved. The analysis by DSC shows that through the introduction of small amounts of B 2 O 3 , thermally stable molybdate glasses with a low T g (under 175°C) are produced. Consequently, these glasses can be used between 175263°C as a sintering temperature. In this experimental study of boron oxide-doped molybdate glasses xB 2 O 3 (100 ¹ x)(10Li 2 O10Na 2 O20K 2 O60MoO 3 ) (x = 0, 2, 
